Decreasing of surface charge screening near voltage-gated ion channels via reduction of extracellular
INTRODUCTION
Epileptic seizures are characterized by the abrupt and highly synchronous discharge of the neuronal net. During the seizures large neuronal aggregates are involved into excessive highly synchronized discharges that last several seconds or minutes [1] . It is well established that excitatory synaptic connections mediate the initiation and propagation of the epileptiform discharges [2] . However,in vitro experiments have shown that ictal epileptiform activity can be evoked in the absence of active chemical synaptic transmission [3] . In the 1980s two reports were published, each describing a dramatic form of neuronal synchronization in hippocampal slices exposed to media containing low concentration of Ca 2+ [4, 5] . Later it was shown that not only CA1, but under certain conditions CA3 zone of the hippocampal slices could generate large and highly synchronized discharges that could last for many seconds [6] . These experiments revealed that epileptiform activity could have nonsynaptic origin, however it remained unclear which of the effects of reduction of extracellular Ca 2+ can account for abnormal neuronal synchronization. Four types of nonsynaptic mechanisms are generally considered to account for neuronal synchronization: a) ephaptic transmission (between clusters of neurons with closely opposed membranes); b) field effects (during synchronous neuronal activity of large groups of neurons with a suitable, usually parallel, arrangement; c) electrotonic coupling through gap junctions; d) extracellular ions fluctuations (such as increase in K + ) [7] . Altogether these nonsynaptic mechanisms dramatically alter neuronal excitability and exert influence on seizure threshold. Field effects and ion fluctuations may have modest effects during physiological activity but have a significant impact on epileptic seizures, and can sustain them in the absence of synaptic transmission. It is known, that field effects can contribute to seizure generation in vivo in a number of other clinical situations [8] . Infusion of low-Ca 2+ solutions into brains of cats and other laboratory animals causes Surface charge impact in nonsynaptic model of epilepsy in rat hippocampus seizures [9, 10] . Humans with low levels of extracellular Ca 2+ can also develop seizures. For instance, convulsions can occur with vitamin D deficiency or hypoparathyroidism in which total blood Ca 2+ concentration falls from its normal value [11] .
At the cellular level, the hallmark feature of epileptiform activity is neuronal hyperexcitability. Surface charge on the cellular membrane produced by sialic acid, phosphates, charged lipids, charged amino acids, and other hydrophilic residues of channel proteins creates local electrical fields near the channel voltage sensor [12] . The effect of surface charge on the membrane channel can be assessed by changing extracellular concentrations of cations, which produce a screening effect on surface charge. Decreasing extracellular Ca 2+ or increasing the amount of extracellular negati vely charged polysialic acids results in a significant hyperpolarizing shift of activation of voltagegated Na + -channels [12, 13, 14] . In the present study, we investigated the effect of various Mg 2+ concentrations in the extracellular solution on the probability to evoke seizure activity, its delay time and pattern of discharges.
METHODS
Animals. Wistar rat pups of postnatal day 12 (P12) were used throughout the study and treated in accordance with the guidelines set by the Animal Care Committee of Bogomoletz Institute of Physiology of NAS of Ukraine.
Slice preparation. Animalswere deeply anesthetized with sevoflurane and decapitated. Brain was rapidly removed and placed in icecold artificial cerebro-spinal fluid (aCSF). Cerebellum and frontal lobe of the brain were removed and transverse brain slices (500µm) were cut using vibroslicer [12] . The resulting slices were then transferred to the incubation chamber and left to recover for at least one hour before the experiment at room temperature. All manipulations were performed in constantly oxygenated (95% O 2 -5% CO 2 ) aCSF of the following composition (mmol/l): 125 NaCl, 3.5 KCl, 1.3 MgCl 2 , 2 CaCl 2 , 1.25 NaH 2 PO 4 , 24 NaHCO 3 , 11 glucose, pH=7.35. All drugs were obtained from "Sigma" (USA).
Extracellular recordings. Spontaneous field potential recordings were obtained from CA1 and CA3 pyramidal cell layers of rat hippocampus, using glass micropipettes (2-5MΏ) filled with aCSF. For induction and record of nonsynaptic SLA slices were transferred to the submersion-type chamber and perfused with the low-Ca 2+ solution containing (mmol/l): 115 NaCl, 5 KCl, 1 MgCl 2 , 1.25 NaH 2 PO 4 , 24 NaHCO 3 , 10 glucose, pH=7.4 (oxygenated with carbogen). Recordings were amplified with a differential amplifier, digitized at 10 kHz using an analog-to-digital converter and stored using WinWCP program. All records were made at room temperature (24-25˚C).A total of 57 hippocampal slices was used throughout the study. The first group of slices (n=10) was perfused with low-Ca 2+ solution where MgCl 2 was omitted from the perfusion solution. In subsequent recordings MgCl 2 was added to the low-Ca 2+ aCSF in concentration of 1mM (n=24), 2 mM (n=12) and 3mM (n=11).
Data analysis. Off-line analysis was performed using Clampfit 10.2 (Axon Istru ments), Origin 8.5 (OriginLab Northampton,MA). All data was represented as means±Se.
RESULTS AND DISCUSSION
In the present study we evaluated the role of surface charge in generation of nonsynaptic epileptiform discharges. The most dramatic example of nonsynaptic synchronization in mammals is the "field burst" [4] in hippocampal slices maintained in vitro, after chemical synaptic transmission has been blocked by removing extracellular Ca 2+ [4, 5, [15] [16] [17] . Both extracellular Ca 2+ and Mg 2+ concentration affect neuronal excitability by charge screening, where divalent cations attracted to negative charges on the neuronal membrane tend to increase the electric field that is sensed by channels within the membrane. Lowering the concentration of divalent cations reduces charge screening and reduces the field acting across the membrane that has the same effect as depolarizing the cell [7] . As we could not change Ca 2+ concentration due to nature of the epileptic model, we altered extracellular Mg 2+ concentration.
Perfusion hippocampal slices with lowCa 2+ artificial CSF resulted in occurrence of spontaneous epileptiform discharges both in CA1 and CA3 hippocampal areas. However, the obtained probability of inducing nonsynaptic SLA in CA1 and CA3 zones was different depending on Mg 2+ concentration in low-Ca 2+ aCSF. Low-Ca 2+ / low-Mg 2+ solution induced nonsynaptic bursting in 50% of recorded slices (5/10) (Fig. 1) . Epileptiform discharges occurred within delay time of 17±5 min in CA1 and 19±12 min in CA3 zones. These nonsynaptic discharges represented population spikes that either were Fig.1 . Manifestations of nonsynaptic epileptiform activity and probability of low-Ca 2+ -induced SLA dependent on extracellular magnesium concentration. a -extracellular recordings of spontaneous field potentials from CA1 area of hippocampus in low-Ca 2+ solution. Two types of nonsynaptic discharges outlined with boxes: 1 -burst of waves with clock-like fashion; 2 -continuously firing population spikes; b -cumulative histogram shows probability of induction of low-Ca 2+ SLA under different extracellular Mg 2+ concentrations; the curve represents theoretical probability statistically assessed with logistic regression firing continuously or were arranged in bursts that could appear in clock like manner (Fig.1A) . The frequency of population spikes in low-Ca 2+ / low-Mg 2+ solution was 0.75±0.01 Hz in CA1 and 0.64±0.02 in CA3 zone.
Next, we perfused hippocampal slices with low-Ca 2+ aCSF with 1mmol Mg 2+ . Under these conditions nonsynaptic bursting was induced in 30% of recorded slices (6/18) (Fig. 1B) with the latency of 26±4.5 min and 16±3.6 min in CA1 and CA3 pyramidal layer respectively. Population spikes had frequency of 0.72±0.06 Hz in CA1 and 0.7±0.04 Hz in CA3 hippocampal area.
Perfusion of hippocampal slices with low-Ca 2+ aCSF containing 2mmol Mg 2+ caused nonsynaptic bursting in 20% of recorded slices (2/10) (Fig. 1B) . Under these conditions, population spikes were observed only in CA1 zone and had frequency of 0.59±0.07 Hz.
We failed to induce spontaneous nonsynaptic bursting by perfusion hippocampal slices with low-Ca 2+ aCSF containing 3mmol Mg 2+ (n=11).
We showed that induction of nonsynaptic bursting in CA1 pyramidal layer is less in fluen ced by an increase in extracellular magnesium concentration. It is known that lowCa 2+ field bursts occur in parts of the brain with tightly laminar Surface charge impact in nonsynaptic model of epilepsy in rat hippocampus organization. The rodent hippocampal CA1 region is especially susceptible because its cell bodies form a very tight layer, where the geometry of a structure promotes the generation of large extracellular fields that alter the excitability of neighboring neurons [7] . Also, gap-junctions in CA1 pyramidal area are more developed especially in young animals [18] .Our data suggest that an increase in extracellular Mg 2+ concentration significantly and progressively decreased the probability of induction of seizure like activity in low-Ca 2+ model of epilepsy. Both cellular depolarization and hyperpolarizing shift of the voltage-gated channel activation cause similar effects on neuronal network activity due to reduced voltage difference between the resting membrane potential and potentials where Na + -channels are activated. Removal of Mg 2+ ions from extracellular solution shifts leftward the half activation and facilitates the amplitude of I Na compared with the 1mmol Mg 2+ solution [12] .Our results suggest that the change in the surface charge dramatically affects the probability of induction of low-Ca 2+ SLA, providing evidence that Mg 2+ can reduce cerebral excitability by screening surface charge and support the idea that lack of Mg 2+ could cause epileptic seizures. In previous studies, it was shown that manipulations with surface charge could alter the pattern of epileptiform like activity [19] . In previous work we demonstrated that surface charge plays a crucial role in lowMg 2+ model of epilepsy [12] .
In the next set of experiments we estimated the effect of increased Mg 2+ concentration on the ongoing low-Ca 2+ epileptic discharges. Increasing Mg 2+ concentration to 1mmol in perfusion solution abolished SLA evoked in low-Ca 2+ / low-Mg 2+ aCSF in all tested slices (n=4) (Fig 2) . Further decrease in extracellular magnesium concentration intensified low-Ca 2+ field bursts. However, earlier studies reported that nonsynaptic bursting in the low-Ca 2+ [15] and zero-Ca 2+ [20] models were suppressed by higher concentrations of extracellular Mg 2+ in hippocampal slices from adult rats. The observed increased sensitivity to extracellular magnesium concentration in the immature hippocampus may be caused by age-specific conditions for excitation and inhibition processes in developing Under the low-Ca 2+ conditions synaptic transmission is almost completely blocked from presynaptic side so our observations are different from other seizure models and demonstrate that manipulation with surface charge could significantly alter seizure susceptibility even under conditions of nonsynaptic neuronal synchronization. This study further suggests that surface charge may represent a potential therapeutic target in the treatment of epilepsy.
CONCLUSIONS
1.Low-Ca 2+ -induced nonsynaptic discharges in hippocampal slices characterized by population spikes that either were firing continuously or were arranged in field bursts that could appear in clock like manner.
2. Probability to trigger nonsynaptic SLA in low-Ca 2+ model of epilepsy with preferential initia tion in CA1 pyramidal layer of hippocampus intensified by lowering extracellular magnesium concentration.
3. Screening of the surface charge of the neuronal membranes through increasing of extracellular magnesium concentration abolished nonsynaptic field bursts induced by low-Ca 2+ aCSF. 
ВПЛИВ ІОНІВ МАГНІЮ НА НЕСИНАПТИЧНІ ЕПІЛЕПТОПОДІБНІ ЯВИЩА В ГІПОКАМПІ ЩУРІВ
Зниження поверхневого заряду поблизу потенціалкеро-ваних іонних каналів через зменшення позаклітинної концентрації двовалентних катіонів впливає на клітинну збудливість тапоріг епілептиформної активності. Гори-зонтальні зрізи мозку молодих щурів лінії Вістар були використані для запису спонтанних польових потенціалів. Зовнішньоклітинні реєстрації отримано з зон СА1 та СА3 гіпокампа. Для індукції несинаптичних епілептоподіб-них явищ зрізи перфузували штучним спинномозковим розчином без додавання іонів магнію та кальцію. Нами було досліджено вплив різних концентрацій магнію (1, 2, 3ммоль/л) на початкову стадію несинаптичних епілеп-топодібних явищ у гіпокампі щура. Отримані результати показали, що зміна концентрації Mg 2+ впливає на ймо-вірність виникнення низькокальцієвих епілептиформних явищ. Іони магнію беруть участь у створенні поверхневого заряду мембрани і, як наслідок, змінюють збудливість нейронів, що дає підставу розглядати поверхневий заряд мембрани як фармакологічну мішень у лікуванні епілепсії. Ключові слова: епілептиформні явища викликані у роз-чині з низькою концентрацією Са 2+ ; поверхневий заряд; магній; гіпокамп. Снижение поверхностного заряда вблизи потенциалуправ-ляемых ионных каналов путем уменьшения внеклеточной концентрации двухвалентных катионов влияет на клеточ-ную возбудимость и порог эпилептиформной активности. Горизонтальные срезы мозга молодых крыс линии Вистар были использованы для записи спонтанных внеклеточных полевых потенциалов. Регистрации были получены из зон СА1 и СА3 гиппокампа. С целью индукции несинап-тичных эпилептиформных явлений срезы перфузировали искусственным спинномозговым раствором без добавле-ния ионов магния и кальция. В данной работе было ис-следовано влияние различных концентраций магния (1, 2, 3ммоль/л) на начальную стадию несинаптической эпилеп-тиформной активности в гиппокампе крысы. Полученные результаты показали, что изменение концентрации магния влияет на вероятность возникновения низкокальциевых эпилептиформных явлений. Ионы магния участвуют в со-здании поверхностного заряда мембраны и, как следствие, влияют на возбудимость нейронов, что дает основание рассматривать поверхностный заряд мембраны в качестве фармакологической мишени в лечении эпилепсии. Ключевые слова: эпилептиформные явления вызванные в растворе с низкой концентрацией Са 2+ ; поверхностный заряд; магний; гиппокамп.
